Abstract: Escherichia coli O157:H7 is a predominant foodborne pathogen with severe pathogenicity, leading to increasing attention given to rapid and sensitive detection. Herein, we propose an impedance biosensor using new kinds of screen-printed interdigitated microelectrodes (SPIMs) and wheat germ agglutinin (WGA) for signal amplification to detect E. coli O157:H7 with high sensitivity and time-efficiency. The SPIMs integrate the high sensitivity and short response time of the interdigitated electrodes and the low cost of the screen-printed electrodes. Self-assembling of bi-functional 3-dithiobis-(sulfosuccinimidyl-propionate) (DTSP) on the SPIMs was investigated and was proved to be able to improve adsorption quantity and stability of biomaterials. WGA was further adopted to enhance the signal taking advantage of the abundant lectin-binding sites on the bacteria surface. The immunosensor exhibited a detection limit of 10 
with other SAMs, such as 4,4-Dithiodibutyric acid (DTBA) and 3-Mercaptopropionic acid (MPA). DTBA and MPA SAMs need to activate with N-Hydroxysuccinimide (NHS)/carbodiimide hydrochloride (EDC) before use under strict reaction conditions which increase the complexity [25] [26] [27] . The short self-assembling time and mild reaction conditions improve the accuracy and practicality of the microelectrode surface functionalization, which is useful for modification of biomaterials.
More recently, lectin binding sites at the surface of a high percentage of microorganisms can be used for bacteria absorption, which has proven to be greatly promising and effective. Lectins are much smaller than antibodies, thus they allow higher absorption capacity leading to higher sensitivity and lower non-specific adsorption. Furthermore, lectins are readily available and inexpensive recognition agents [28] [29] [30] . As far as we know, the application of wheat germ agglutinin (WGA) as signal amplification for bacteria detection has never been reported.
Herein, an electrochemical impedance immunosensor based on self-assembled monolayers was proposed for rapid detection of E. coli O157:H7 with signal amplification using WGA (Scheme 1). With the immobilization of the biomaterials onto the surface of the SPIMs, the impedance signal can be changed due to the blocking of electron transfer, which can be utilized as the sensing mechanism of impedance immunosensor. Compared with the expensive non-screen printed microelectrodes, the cost of one SPIM may be less than $1 which is much better for the practical application and can be further reduced by the good reusability. The performance of the electrochemical impedance biosensor showed that this biosensor was sensitive, reliable and effective for detection of E. coli O157:H7, which hold great promise in food safety analysis.
Scheme 1.
A scheme of the proposed immunosensor for bacteria detection. A was a photo of SPIM and the width of a finger and the gap between two fingers of this microelectrode were 200 μm, respectively.
Experimental Section

Apparatus and Reagents
Electrochemical impedance measurements were performed using the ZAHNER chemical station (Kronach, Germany). SPIMs were purchased from AIBIT Biotech Instrument (Jiangyin, China). The width of a finger and the gap between two fingers for the gold interdigitated microelectrode were 200 μm, respectively. Gold interdigitated microelectrodes with 25 μm width and gap were obtained from Institute of Semiconductors of Chinese Academy of Sciences (Beijing, China). Scanning electron microscopy (Hitachi, Japan) was used for the characterization of electrodes surface.
DTSP, MPA, WGA, N-Ethyl-N'-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), N-Hydroxysuccinimide (NHS) and phosphate buffer solutions (PBS, pH 7.4) were purchased from Sigma (St. Louis, MO, USA). E. coli K12 (ATCC29425), E. coli O157:H7 (ATCC43889), Listeria monocytogenes (ATCC19151) and Salmonella Typhimurium (ATCC14028) were purchased from ATCC (Manassas, MD). Streptavidin (SA), bovine serum albumin (BSA) and protein A were purchased from Sangon Biotech (Shanghai, China). MacConkey agar, brain heart infusion (BHI) culture medium (Becton, Dickinson and Company, Sparks, NV), and nutrient agar (Huankai Microbial Sci. & Tech. Co. LTD, Guangzhou, China) were used for the bacteria culture. Anti-E. coli biotin-antibodies (biotin-Ab) were obtained from Meridian Life Science (Saco, ME) and dissolved in PBS (0.4 mg·mL
−1
). DTSP was dissolved in acetone (2 mM). PBS solution containing 10 mM K3Fe(CN)6/K4Fe(CN)6 (Sangon Biotech., Shanghai, China) was used for electrochemical impedance spectroscopy (EIS) measurements. Ultrapure water (18.2 MΩ·cm) was obtained from a Millipore Milli-Q purification system (Merck Millipore, MA). All chemicals were of analytical grade. All the bacteria dilutions used in this research were inactivated (10 min in boiling water).
Preparation of Bacterial Samples
E. coli O157:H7 was grown in BHI culture medium at 37 °C for 20 h to the stationary phase. Serial 10-fold dilutions of the culture were made with PBS and 100 μL of the diluted solutions were transferred to MacConkey agar plates and incubated for 24 h at 37 °C for enumeration of colonies. At the same time, the stationary-phase cultures were diluted to 10 of each microorganism were prepared for evaluation of the specificity of the proposed impedance immunosensor.
Immunosensor Fabrication
Two methods were adopted to clean the bare SPIMs. For the first one, NaOH solution (50 μL, 1 M) was dropped on the electrode area, kept for 5 min, and washed with water, followed by similar treatment of HCl solution (50 μL, 1 M) for 2 min. For the second method, piranha solution (H2SO4:H2O2 (v/v) = 7:3, 50 μL) was dropped onto the electrode surface and kept for 15 min, followed by washing with water thoroughly. After the cleaning procedure, the microelectrodes with different sizes (25 µm and 200 µm width) were characterized using cyclic voltammetry (CV) and EIS.
Self-assembly was carried out by immersing electrodes in 2 mM DTSP. The effect of different incubation times (0, 2, 4, 8 h) on sensor performance was studied. After incubation, the microelectrodes were washed immediately using acetone to remove free DTSP. The self-assembled monolayers of MPA were obtained and activated with EDC + NHS before use [31] . Briefly, EIS was used to characterize the electrodes modified with different SAMs.
After DTSP immobilization, the electrodes were incubated in SA solution (50 μL, 0.5 mg·mL ) was applied to block non-specific adsorption sites on the surface of the microelectrodes. ) were dropped on the surface of electrodes and incubated for 45 min. Impedance measurements were conducted using a 10 mM K3Fe(CN)6/K4Fe(CN)6 (1:1) mixture in PBS (1 Hz-1 MHz, 10 mV). Each detection was repeated more than three times. Several inactivated non-target bacteria, including E. coli K12, L. monocytogenes and S. Typhimurium were used as non-target bacteria to evaluate the specificity of this immunosensor.
Bacteria Detection
Lectin Absorption
The WGA solution (50 μL, 0.5 mg·mL ) was used to amplify the impedance signal. The incubation time was 45 min and then washed with ultrapure water. Impedance measurements were also conducted using a 10 mM K3Fe(CN)6/K4Fe(CN)6 (1:1) mixture in PBS (1 Hz-1 MHz, 10 mV).
Regeneration of SPIMs
After each test, the used SPIMs were treated with piranha solution to disassociate the bacterial cells and other materials attached on the surface of the SPIMs. Then, impedance data were collected to compare with the initial value. The electrodes were reused if their impedance values were similar to initial values.
Results and Discussion
Characterization of the Microelectrodes
To effectively clean these new kind of SPIMs, different cleaning procedures were conducted and compared. CV and EIS methods using a K3Fe(CN)6/K4Fe(CN)6 probe were adopted to investigate the cleaning efficiency by comparing peak current of electrochemical probes and electron transfer resistance (Ret), respectively ( Figure 1 ) [31, 32] . After being treated with conventional NaOH/HCl and piranha solutions, SPIMs showed the increases of peak currents of the electrochemical probe by 25% and 180%, and the decreases of Ret by 45% and 75%, respectively, indicating the cleanliness was improved. Obviously, piranha solution was more efficient in cleaning, which was, therefore, selected for further use. We also found that peak current and Ret kept constant after a 15 min immersion. Accordingly, we could readily obtain a clean SPIM through immerging electrodes into piranha solution for 15 min. This treatment is much more convenient and time-saving compared with treatments commonly used for rod electrodes or plate electrodes, which generally need complicated polishing procedures [33] [34] [35] . These merits should highlight the convenience of SPIMs and benefit the facile fabrication of biosensors. The self-assembling of DTSP was monitored through measuring the impedance value at 100 Hz, as shown in Figure 2 . After 2 h incubation, impedance values had minor change (p > 0.05), indicating nearly full self-assembling, though the arrangement of DTSP molecules might be still going to finally form a perfect monolayer. Here, we chose 4 h incubation time considering both the self-assembling efficiency and time efficiency. Similarly, the concentration of DTSP was also investigated and optimized to be 2 mM. For comparison, a conventional method for the modification of materials on the surface of the SPIMs using MPA SAMs plus EDC/NHS cross-linking was also used to immobilize antibodies ( Figure 3A) . We found that the immobilization efficiency of the new DTSP-based method performed even better than this classic method. Additionally, the conventional method requires 4 h for self-assembling of MPA plus another 3 h activation of carboxyl group using EDC/NHS. Therefore, DTSP self-assembling should be a better choice with comparable performance but shorter preparation time. Moreover, we evaluated the absorption capacity of SPIMs with or without the DTSP SAMs ( Figure 3B ) and found that the absorption capacity increased significantly when the SPIM was modified with SAMs. The increase improved detection performance, verifying the necessity of the SAMs.
The impedance changes of the microelectrodes with different sizes are shown in Figure 3C . The results indicated that there was no significant change between the 25 µm and 200 µm microelectrodes (p > 0.05) after the biomaterials immobilization. Compared with 25 µm interdigitated microelectrodes, the application of SPIMs is promising due to their low cost. Besides the self-assembling time and the concentration of DTSP, we also optimized the concentration of the antibody ( Figure 3D ). The impedance change showed that the adsorbing capacity was induced with the different dilutions. Compared with the control, the lower dilution (0.2 mg·mL 
Detection and Signal Amplification
For better understanding of the detection mechanism, a modified Randles' equivalent circuit obtained using Zpswin 3.10 software was used to adequately fit the measurement data over the whole frequency range ( Figure 5 ). Wherein, Rs stands for the resistance of the electrolyte solution and Ret for charge transfer resistance, Qet is the constant phase elements associated with the capacitance of the double layer and Qba is the capacitance of the biomaterial absorption. All the impedance spectra of different concentrations of bacteria were fitted to the equivalent circuit. During the modification and detection, the loading of non-conductive proteins and bacteria would significantly retard the interfacial electron-transfer kinetics and increase the electron-transfer resistance, leading to the changes of Ret values. The Ret value is the most important electrical parameter in analyzing the impedance signal change for detection of bacteria and can be used to evaluate the detection performance [19] [20] [21] . When bacterial cells were introduced to the fabricated immunosensor, there was a further increase in Ret, indicating that the microelectrode surface had been attached with a large number of bacterial cells.
Under optimized conditions, the immunosensor provided a detection limit of 10 ( Figure 5C ). The total detection time including incubation was less than 1h. The detection performance was comparable to the previous research and the immunosensor was easily fabricated [36, 37] . The detection performance of the proposed immunosensor was comparable or better than some of reported biosensors that used interdigitated microelectrodes [19] [20] [21] . The proposed biosensor presented a lower detection limit and higher specificity, as compared with those of the previously reported biosensors using lectin as recognition element [38, 39] . We also evaluated the detection performance of the physical absorption of SA in which only 10 6 cfu·mL −1 and higher concentrations of bacterial cells could be distinguished ( Figure 5C ). The reasonable explanation was that DTSP SAMs could be used to improve the stability of the immobilization and increase the absorption capacity. Moreover, the bacteria attached onto the surface of the SPIM was characterized by scanning electron microscopy ( Figure 5D ) demonstrating the good performance of the constructed immunosensor. The absorption of bacteria cells and WGA has been verified in other research [29, 30] . WGA molecules can be successfully absorbed by the fabricated biosensor after the bacteria absorption to improve the impedance change compared with control. Compared to the detection with antibody only (blue curve in Figure 5C ), the impedance value was enhanced and the value of the r 2 was improved from 0.96 to 0.98 ( Figure 6 ). The results demonstrate proof of this concept that lectins, including WGA, can be utilized for signal amplification. Further work can be done to select one lectin with better specificity for the bacteria from different lectins. We have prepared five lectins, including WGA, canavailiaensiformis (Con A), ulexeuropaeus (UEA), M. amurensis (MAL) and arachishypogaea (PNA) for the optimization. Detection parameters' optimization is also further research for good performance.
The specificity of the proposed biosensor was evaluated using E. coli K12, L. monocytogenes and S. Typhimurium as non-target bacteria. There was no significant attachment when these bacteria were incubated, which clearly evidenced the sensing specificity to E. coli O157:H7 (Figure 7) . Moreover, the cost of one SPIM may be less than $1 which is much better for the practical application compared with the expensive non-screen printed microelectrodes. Moreover, the cost can be further reduced by good reusability. The proposed biosensor has the potential in the development of a simple, low cost and portable biosensing system for rapid and sensitive detection of pathogens other than E. coli O157:H7. 
Conclusions
An electrochemical impedance immunosensor based on self-assembled monolayers was proposed for rapid detection of E. coli O157:H7 with signal amplification using WGA. The application of WGA as signal amplification for bacteria detection was utilized to amplify the signal and the results demonstrated proof of this concept that lectins, including WGA, can be utilized for signal amplification. With the optimized parameters, the proposed impedance immunosensor could detect E. coli O157:H7 at concentrations as low as 10 (r 2 = 0.98) and a total detection time of less than 1 h. The cost of one SPIM can be further reduced by good reusability. Considering the ease of the electrodes and assay integration, the method we proposed presents an opportunity to develop a portable biosensing system for routine monitoring of foodborne pathogens.
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